Two morphologically distinct and physically separable defective phages have been found in Bacillus licheniformis NRS 243 after induction by mitomycin C. One of them (PBLB) is similar to the defective phage PBSX of B. subtilis, which has a density of 1.373 g/cm3 in CsCl and a sedimentation coefficient of 160S. PBLB incorporates into its head mainly bacterial deoxyribonucleic acid (DNA) which has a sedimentation coefficient of 22S and a buoyant density in CsCl of 1.706 g/cm3. The other phage (PBLA) has a morphology similar to the temperate phage 0105 of B.
Two morphologically distinct and physically separable defective phages have been found in Bacillus licheniformis NRS 243 after induction by mitomycin C. One of them (PBLB) is similar to the defective phage PBSX of B. subtilis, which has a density of 1.373 g/cm3 in CsCl and a sedimentation coefficient of 160S. PBLB incorporates into its head mainly bacterial deoxyribonucleic acid (DNA) which has a sedimentation coefficient of 22S and a buoyant density in CsCl of 1.706 g/cm3. The other phage (PBLA) has a morphology similar to the temperate phage 0105 of B.
subtilis; the head diameter is about 66 nm, and it possesses a long and noncontractile tail. PBLA has a density of 1.484 g/cm3 in CsCI and the phage-specific DNA, which is exclusively synthesized after induction by mitomycin C, has a density of 1.701 g/cm3. PBLA DNA is double-stranded and has a sedimentation coefficient of 36S, corresponding to a molecular weight of 34 x 10w to 35 X 101 daltons. The phage DNA has one interruption per single strand, giving single-stranded segments with molecular weights of 13 X 106 and 4 X 106 daltons. Common sequences between the two phage DNA species and with their host DNA have been demonstrated by DNA-DNA hybridization studies. Both phage particles kill sensitive bacteria. However, all attempts thus far to find an indicator strain to support plaque formation have been unsuccessful.
It now appears that many species of the genus Bacillus, as well as other genera, can be induced by a variety of agents to produce defective, nonplaque-forming phage particles (17) . One such defective phage, PBSX of Bacillus subtilis, has been characterized (10, 11) . The phage is produced upon induction by mitomycin C and apparently contains exclusively host deoxyribonucleic acid (DNA) of molecular weight 8.4 X 106 daltons packaged into the phage heads.
B. licheniformis, treated with mitomycin C, produces two morphologically distinct and physically separable defective phage particles. One of them is PBSX-like in that the particle contains mostly host DNA and the other phage particle contains phage-specific DNA which is synthesized after induction. The characterization of these phages and their DNA is the subject of this report. most other B. licheniformis strains, does not produce much capsular material. A thymine-requiring mutant of NRS 243 was isolated by aminopterin treatment by the method described by Okada et al. (9) . The aminopterin concentration used was 200 ,ug/ml. The mutant, designated NRS 243 thy-, has a high thymine requirement (approximately 5 ug/ml), can utilize either thymine or thymidine, and has a generation time in minimal medium (see below) with appropriate supplements of 50 min. Other B. licheniformis strains used were ATCC 9945A M17 (7) and IRC-1 (provided by D. Dubnau). The B. subtilis strains used were 168 thyA thyB trp-2 (18), W23 str-2 ery-2 mic-2, and S31 (17) . Phage T7 was prepared by infecting Escherichia coli B-3 thy-and purified as described by Richardson (13) . Ribonucleic acid (RNA) phage QOB and phage X were used as markers in CsCl buoyant density determinations. The method of purification of PBSX has been described previously (10 (8) .
Preparation and assay of phages. Phage lysates were generally prepared by induction either with mitomycin C (KyowaHakko Kogyo Co., Tokyo, Japan) or by thymine starvation. A culture of the bacteria which was grown at 37 C to a turbidity of about 40 units (Klett-Summerson colorimeter equipped with a red filter) was treated with mitomycin C for about 5 min. The concentration of mitomycin C used in each experiment is specified. The antibiotic was then removed by centrifugation, and the culture was suspended in the same volume of fresh medium. Lysis, which was usually completed in 3 The assay and identification of the B. licheniformis phages were carried out by using the following criteria. (i) The size of the phages was determined by sedimentation in a glycerol gradient. (ii) The density of the phages was measured by equilibrium sedimentation in a CsCl-density gradient. (iii) The phage concentration was assayed by estimating the radioactively labeled DNA incorporated into phage particles and thus rendered resistant to hydrolysis by nucleases. In this assay, the phage lysate which contained labeled DNA was treated with a mixture of pancreatic deoxyribonuclease (500 ,ug/ml) and snake venom phosphodiesterase (300 ,ug/ml) at 37 C for 45 min. The mixture of the two nucleases is subsequently referred to as DNase. The amount of phage produced was then estimated as trichloroacetic acid (5%)-insoluble radioactivity. (iv) The phages could also be assayed by killing activity. This procedure involved mixing 0.1 ml of a culture of a sensitive strain with 3 ml of soft L agar and overlaying the mixture on an L agar plate. The phage lysate (about 0.02 ml) was spotted on the seeded plate and incubated at room temperature for about 24 hr. Clear spots on the seeded plate were scored qualitatively as positive killing. (v) Phage particles were also characterized by electron microscopy (10) .
Gradient sedimentation. For the separation of phage particles, a linear gradient of glycerol (10 to 25%) containing TMK was used. When a Spinco SW 25.3 rotor was used, the gradient was centrifuged at 15 C and 23,000 rev/min for 100 min, or it was centrifuged at 25,000 rev/min for 50 min with an SW 39 rotor. For the sedimentation of DNA, a linear sucrose gradient (5 to 20%) was used. Neutral gradients consisted of 1.0 M NaCl, 0.01 M Tris (pH 7.5), and 0.01 M ethylenediaminetetraacetic acid (EDTA); alkaline gradients were prepared in 0.9 M NaCl, 0.1 M NaOH, and 0.01 M EDTA. Centrifugation was carried out in a Spinco SW 25.3 rotor at 15 C and 23,000 rev/min for 15 hr.
Analytical centrifugation. The Spinco model E analytical ultracentrifuge equipped with ultraviolet optics was used to determine the density of phage particles and their DNA species. Centrifugation was performed at 25 C at 44,770 rev/min for 18 hr. The markers used in the respective determinations were phage Q,B, 1.445 g/cm3; phage X, 1.508 g/cm3; and B. subtilis phage PBS2 DNA, 1.722 g/cm3. The latter INDUCIBLE PHAGES OF B. LICHENIFORMIS density is based on that of E. coli DNA, taken to be 1.710 g/cm3.
DNA-DNA hybridization. The method described by Denhardt (4) was followed. DNA was denatured by heating at 100 C for 5 min in 2 X SSC and diluted to give a DNA concentration of 10 sg/ml in 6 X SSC.
Unlabeled denatured DNA at various concentrations was immobilized on membrane filters (HAWP 25 mm, Millipore Corp., Bedford, Mass.) and hybridized with a constant amount of labeled, denatured DNA. The results represented the average of duplicate experiments.
RESULTS
Identification of B. licheniformis phages. Mitomycin C treatment, which is the most efficient method, was adopted as the method of choice for the induction of phage. When a culture of B. licheniformis NRS 243 thy-was treated for a short time with mitomycin C (0.5 to 3 ,ug/ml for 5 min), the turbidity continued to increase until a peak was reached in about 80 miin, followed by a decrease until lysis was completed at the end of about 3 hr. When 3H-thymidine was added to the culture, radioactively labeled particles of B. licheniformis, prepared as outlined above, could be analyzed on a glycerol gradient. A typical profile is shown in Fig. 1C . The radioactively labeled phages sedimented in two distinct peaks, corresponding to sedimentation coefficients of 220 to 250S and 160S. These values were estimated by using B. subtilis phage PBSX (160S) as the standard. The larger phage was termed PBLA; the smaller, PBSX-like B. licheniformis phage is referred to as PBLB. The phages were relatively unstable in the presence of sucrose; hence, glycerol gradients were routinely used in their preparation and characterization.
The buoyant densities of B. licheniformis phages in CsCl were also determined; the values were found to be 1.48 g/cm3 for PBLA, using E. coli phage X as marker (1.508 g/cm3), whereas the buoyant density of PBLB was 1.373 g/cm3, with the RNA phage Qj (1.445 g/cm3) as a density marker. Because of the large difference in buoyant densities, the phages were also separable by preparative CsCl-density gradient centrifugation. The fractions obtained by either size or density separation showed two distinct types of intact phages as observed under the electron microscope (Fig. 2) thymine deprivation, the production of PBLB was almost doubled, as shown in Fig. 1B. Fig. 1C shows the result of phage production when thymine, at the same concentration before and after mitomycin C treatment, was added to the medium.
To determine the origin of the DNA that was incorporated into the phage particles, a culture of B. licheniformis NRS 243 thy-was grown in the presence of 3H-thymidine of high specific activity. After induction by mitomycin C, the culture was resuspended in a medium containing '4C-thymidine. To increase the sensitivity of this experiment, the specific activity of the 3H-labeled thymidine was ten times higher than that of 14C labeled thymidine. After treatment with DNase, the phage lysate was analyzed on a glycerol gradient, and the profile is shown in Fig. 3 . It can be seen that PBLA incorporated exclusively 14C-thymidine which was added after induction, whereas PBLB contained DNA which was synthesized both before and after induction.
Since the DNA synthesized after induction could be incorporated into both types of phage, an experiment was designed to estimate the relative rate of de novo DNA synthesis after induction by mitomycin C. The rate was studied by adding 3H-thymidine to the culture at various times after induction and measuring the radioactivity that was eventually incorporated into each phage (Fig. 4) 20 ,g/ml of thymine and 3H-thymidine (40 ,c/ml). Induction was performed by treating the culture with 2 ,ug/ml of mitomycin C for 5 min, and resuspending the culture in the same medium containing 20 ug/ml of thymine and '4C-thymidine (4 ,uc/ml). The curred about 45 min after induction, and decreased sharply. The PBLB results are consistent with those of B. subtilis phage PBSX, where the induction of the defective phage can take place in the apparent absence of DNA synthesis (10) . It is conceivable that a small amount of host DNA synthesized late in induction might have been prevented from being packaged into PBLB phage particles and thus escaped detection by this assay method.
Finally, we also attempted to lyse the cells at various times after induction, but before phage maturation, to try to determine whether both phages were produced simultaneously. Immediately after induction by mitomycin C, 3H-thymidine was added to the culture of NRS 243 thy-. At various times thereafter, samples were removed and lysed with lysozyme (200 Ag/ml) and then analyzed on glycerol gradients. The results showed that both types of phages were formed at the same time in a one-step burst fashion when the turbidity of the culture began to Fig. 6A was not an artifact of the DNA extraction procedure, T7 phage was routinely mixed with the purified phage preparation and the mixture was then deproteinized. The properties of phages PBLA and PBLB and their DNA are summarized in Table 2 .
DNA-DNA hybridization. B . subtilis strain W23) and PBLB, whereas it had no effect on PBLA.
After mitomycin C treatment, DNA continues to be synthesized in the induced bacteria. PBLA incorporated exclusively DNA that was synthesized de novo after induction, whereas PBLB packaged both preexisting and newly synthesized host DNA. The rate of synthesis of the newly synthesized DNA molecules that were eventually incorporated into the two phage particles followed different time courses. The PBLB-specific DNA was synthesized at the maximum rate 45 min after mitomycin C induction. In the case of PBLA DNA, there was a lag period prior to optimum phage-specific DNA synthesis, suggesting the possibility that a different DNA synthesizing machinery, other than that of the host, was induced as a result of mitomycin C treatment.
PBLA DNA, when sedimented in a neutral sucrose gradient, gives a sharp and symmetrical band. In view of its sedimentation profile, it seemed unlikely that this DNA contained cohesive ends similar to that of E. coli phage X. The same DNA preparation of PBLA, which was intact under neutral conditions, resolved into two components in alkaline gradients of 13 Despite the difference in buoyant density between PBLA DNA (1.701 g/cm3) and host bacterial DNA (1.707 g/cm3), some sequence homology has been demonstrated between them by DNA-DNA hybridization. PBLA DNA also displays some base sequence homology with the DNA of the B. subtilis phage 105. These two phages appear to be morphologically related by electron microscopy. Since PBLB DNA originates from the host chromosome, it is to be expected that there would be extensive base sequence homology between the phage and B. licheniformis DNA (Fig. 8) .
Attempts were made to analyze by CsCl-density gradient centrifugation the separated fragments of denatured PBLA DNA, fractionated by alkaline sedimentation (Fig. 7B) , to renature by themselves under neutral conditions. The densities of the renatured fragments of PBLA DNA indicated they were heterogeneous in base composition, since the longer fragments (38S in alkali) had a renatured buoyant density of 1 One of the most interesting aspects of the production of the defective phages of Bacillus species which incorporate host DNA is the manner by which the host chromosome is packaged by the phage particle. In the case of B. licheniformis, phage PBLB contains exclusively host DNA and no PBLA DNA. This observation emphasizes that the packaging mechanism is selective with respect to the DNA that is eventually incorporated into the phage head. The packaging mechanism and its selectivity should prove an interesting area for future research. It would, for instance, give us a better understanding of the uptake of transducing fragments by generalized transducing phages (6) .
